The Armstrong Aerospace Medical Research Laboratory Biological Acoustics Branch (AAMRL/BBA) i s developing directional audio technology f o r headphone applications. A laboratory demonstration model of a real-time, d i g i t a l auditory localization cue synthesizer i s integrated with a head position tracker, A/D and D/A converters, and a host computer t o form a directional audio display (DIRAD). The DIRAD presents sounds over headphones t h a t are perceived t o be outside of the l i s t e n e r ' s head and r e l a t i v e l y easy t o localize. Possible military applications of directional audio technology include integration w i t h radar warning receivers, voice communication systems and collision avoidance systems. Natural audio presentation of c r i t i c a l information may improve situational awareness and reduce p i l o t workload.
laboratory demonstration model of a real-time, d i g i t a l auditory localization cue synthesizer i s integrated with a head position tracker, A/D and D/A converters, and a host computer t o form a directional audio display (DIRAD). The DIRAD presents sounds over headphones t h a t are perceived t o be outside of the l i s t e n e r ' s head and r e l a t i v e l y easy t o localize. Possible military applications of directional audio technology include integration w i t h radar warning receivers, voice communication systems and collision avoidance systems. Natural audio presentation of c r i t i c a l information may improve situational awareness and reduce p i l o t workload.
The auditory localization cue synthesizer board i s a modular u n i t t h a t requires analog and d i g i t a l interfacing, a host PC w i t h a s e r i a l (RS-232) data port, a monaural audio i n p u t , a Polhemus d i g i t i z i n g position tracker and a pair of headphones. The synthesizer design i s based on advanced d i g i t a l signal processing technology. Two Texas Instruments TMS-320C25 processors provide the localization cue synthesis while a TMS-32020 processor controls the input-output functions.
Performance of the DIRAD was measured using a panel of ten subjects. Five male and f i v e female subjects responded t o randomly positioned stimuli consisting of wide band pink noise, male speech bandlimited t o 3.5 KHz, female speech bandlimited t o 6 KHz and octave band noises from 125 Hz t o 8 KHz. The l i s t e n e r s were instructed t o respond by turning t h e i r head and body t o face the direction of the sound source. Data was collected f o r 72 d i f f e r e n t positions and the overall performance were a mean magnitude e r r o r of 4.8 degrees and a mean response time of 4.4 seconds.
INTRODUCTION
Flying a high performance a i r c r a f t i s a highly complex t a s k , especially in combat situations. a i r c r a f t , the f i g h t e r p i l o t maintains comnunication w i t h his wingman, i n i t i a t e s attacks on enemy t a r g e t s and hopefully avoids being h i t . The HUD, communications, radar warning receiver, master caution panel and other inputs can often overload the f i g h t e r p i l o t w i t h visual and auditory information.
For example, a radar warning receiver provides a warning tone over the headset a n d the m i s s i l e ' s azimuth location on a CRT screen. After the p i l o t recognizes the audio warning f o r an incoming missile, he redirects his attention t o the radar warning receiver CRT. He reads the m i s s i l e ' s direction i n azimuth from the 2-D CRT and t r a n s l a t e s the direction onto the 3-D frame of reference of the a i r c r a f t . missile plume and begins evasive maneuvers, time permitting.
One possible improvement t o the existing radar warning receivers could be t o implement a DIRAD in l i n e w i t h the present equipment. DIRAD would present t h a t same radar warning tone over headphones, only now the tone would sound l i k e i t was coming from the direction of the approaching missile. determine the direction of the missile almost instantaneously without ever having brought his eyes i n t o the cockpit. visually acquire an object would be greatly reduced by the enhancement of directional audio information. This has been demonstrated in 1 aboratory experiments (Perrot, 1988) . In P e r r o t ' s experiment, subjects were able t o locate visual t a r g e t s i n azimuth outside of t h e i r i n i t i a l f i e l d of view 500-1000 ms f a s t e r when aided w i t h a correlated directional auditory cue. DIRAD has the capability of providing post communication, TACAN, e t c . , a l l mixed together in h i s headset. the p i l o t ' s a b i l i t y t o simultaneously monitor several d i f f e r e n t communication sources by s p a t i a l l y separating the sounds as a t a cocktail party. Collision avoidance and navigation aid applications of a DIRAD may also be possible. A DIRAD would enhance the auditory information displayed t o the p i l o t , resulting i n improved p i l o t situational awareness and reduced t a r g e t acquisition times.
The Biological Acoustics Branch has established an inhouse f a c i l i t y t o research human performance using directional audio displays and t o develop techniques f o r presentation of directional audio information over headphones.
t o c o l l e c t directional cue data, develop a laboratory demonstration model DIRAD and measure the moving head localization performance of humans using natural and synthesized cues.
The current study was designed t o measure the speed and accuracy o f humans i n localizing auditory signals i n azimuth without visual cues. The experimental paradigm was the same f o r the control and t e s t conditions, i . e . , natural and synthesized cues. The auditory stimulus was presented from 24 random directions in each session. Each session was repeated 3 times f o r a t o t a l of 72 locations. The locations were chosen t o d i s t r i b u t e the stimuli evenly around the c i r c l e by picking 4 locations within each of six 60" sectors (see figure 1 ). calculated and recorded f o r each t r i a l .
DIRAD can improve
The f a c i l i t y has been used Speed and accuracy means were SECTORS OF STIMULUS PRESENTATION FIGURE 1
OBJECTIVES
The objectives of the experiments were t o measure human auditory localization performance f o r natural and synthesized cues, and by comparing the two data s e t s , determine the f e a s i b i l i t y of providing directional audio information over headphones. A goal was established t o achieve human auditory localization performance of l e s s than 30" e r r o r with synthesized cues from the DIRAD.
APPROACH
A f a c i l i t y was b u i l t t o c o l l e c t directional cue data and develop a laboratory demonstration model DIRAD. The presentation of directional audio information over headphones was based on two directional cues: the head related t r a n s f e r function (HRTF) and the interaural time delay (ITD). HRTF and ITD cues were collected a t 1" spacings in azimuth. Digital FIR f i l t e r s of the 360 HRTF's were generated, and the HRTF and ITD codes were implemented i n look-up tables on the DIRAD's TMS320C25 processors. the l i s t e n e r t o localize sounds over headphones, i . e . , determine the direction o f the sound source.
These two cues enabled
The DIRAD was developed in-house as a laboratory demonstration model. The localization cue synthesizer, analog and d i g i t a l interface components were wire-wrapped t o allow ease of modifications. The breadboards included off-the shelf A/D's, D/A's, DSP and TTL chips. DSP processors provided head coupled, directional cue presentation i n azimuth. The DIRAD was incorporated into the localization performance measurement f a c i l i t y .
Software f o r the
The f a c i l i t y was used to measure human A ring of auditory localization performance of directional cues presented i n a natural environment and over headphones. loudspeakers presented the natural directional cues. Either a single loudspeaker was used t o provide a real source o r two loudspeakers were phased together to create "phantom" sources a t 1" increments. The DIRAD provided the synthesized directional cues over headphones. A Polhemus head tracker measured the s u b j e c t ' s head position response f o r both conditions. Response time was measured as the duration from stimulus presentation until the subject indicated the source was d i r e c t l y in f r o n t of h i m / her. Human auditory localization performance was collected u s i n g the f a c i l i t y . Subjects from the general population participated in the study. The s u b j e c t ' s task was t o respond t o the presentation of a directional auditory stimulus by facing the perceived direction of the sound as quickly and as accurately as possible. mean magnitude e r r o r , mean d i r e c t i o n e r r o r and mean response time. A s t a t i s t i c a l a n a l y s i s of t h e data was done t o compare t h e two c o n d i t i o n s and, thereby, determine t h e f e a s i b i l i t y o f p r e s e n t i n g d i r e c t i o n a l a u d i t o r y i n f o r m a t i o n over headphones.
APPARATUS
The performance c r i t e r i a were t h e An anechoic chamber and t h e c o n t r o l room adjacent t o t h e chamber house a l l o f t h e equipment used i n t h e e l e c t r o -a c o u s t i c measurements. t h e AAMRL Biodynamics and Bioengineering D i v i s i o n f a c i l i t i e s . A l l s i x i n t e r i o r surfaces a r e covered w i t h 4 f e e t deep sound absorbing wedges t h a t provide 60 t o 120 dB a t t e n u a t i o n from 50 t o 10,000 Hz. The setup f o r t h e n a t u r a l cue l o c a l i z a t i o n performance measurements i s shown i n f i g u r e 2 .
The n a t u r a l cues a r e displayed t o t h e
The anechoic chamber i s p a r t o f subjects v i a a r i n g o f loudspeakers. loudspeaker r i n g e q u a l l y p o s i t i o n s twenty-four 4.5" diameter loudspeakers around a 7 ' r a d i u s c i r c l e a t t h e e a r l e v e l o f a l i s t e n e r . The s t r u c t u r e i s constructed o f 4'' d i a . aluminum rods t o minimize weight and r e f l e c t i v e s u r f aces.
The
The DIRAD i s composed o f t h e l o c a l i z a t i o n cue synthesizer board, d i g i t a l i n t e r f a c e board, analog i n t e r f a c e board, head p o s i t i o n t r a c k e r , host computer and headphones (see f i g u r e 3). The synthesizer board connects w i t h t h e d i g i t a l i n t e r f a c e board (DIB) and analog i n t e r f a c e board t o communicate w i t h t h e p e r i p h e r a l d i g i t a l and analog equipment, r e s p e c t i v e l y . The host PC communicates w i t h t h e D I B over an RS-232 s e r i a l data bus and t h e head t r a c k e r provides t h e r e a l head angle information t o t h e d i g i t a l i n t e r f a c e board v i a a 16 b i t p a r a l l e l bus. The d i g i t a l board sends r e l a t i v e head angle indexes over two separate 16 b i t p a r a l l e l 1/0 p o r t s t o t h e r i g h t and l e f t processors on t h e synthesizer board. The processors lookup t h e corresponding F I R f i l t e r c o e f f i c i e n t s and encode t h e audio s i g n a l w i t h t h e d i r e c t i o n a l cues. The analog i n t e r f a c e board performs t h e A/D and D/A conversions f o r t h e synthesizer board. The r i g h t and l e f t s i d e audio s i g n a l s from t h e analog i n t e r f a c e board a r e a m p l i f i e d over a standard p a i r o f headphones. provided t h e synthesized cues i n t h e human performance experiments. performance c r i t e r i a . r e a l time, provides a u d i t o r y d i r e c t i o n i n f o r m a t i o n r e l a t i v e t o t h e l i s t e n e r ' s head p o s i t i o n and provides a u d i t o r y cues o f 1" r e s o l u t i o n i n azimuth. clocked a t 40 MHz i n o r d e r t o c a l c u l a t e a 179 t a p FIR f i l t e r every 1 ms. The audio i n p u t s i g n a l i s sampled a t 40 KHz t o provide a 10
The DIRAD The DIRAD meets t h e f o l l o w i n g design and
The DIRAD operates i n
The processors a r e
KHz bandwidth a t t h e output of t h e analog i n t e r f a c e board.
SUBJECTS
Ten subjects ( f i v e males and f i v e females) were selected from a c o n t r a c t o r maintained pool (Systems Research Laboratory) o f v o l u n t e e r subjects. m o n e t a r i l y compensated f o r t h e i r p a r t i c i p a t i o n . Each s u b j e c t underwent an audiometric hearing t e s t p r i o r t o p a r t i c i p a t i o n i n t h e study. The hearing t h r e s h o l d l e v e l s o f t h e s u b j e c t s were n o t g r e a t e r than 15 dB a t any frequency o f a standard audiometric t e s t from 500 t o 8000 Hz 
RESULTS
These subjects were Human performance was measured by t h e f o l l o w i n g c r i t e r i a : (1) mean magnitude e r r o r (MME), ( 2 ) mean d i r e c t i o n e r r o r (MDE), and ( 3 ) mean response time (MRT). The means o f 72 t r i a l s were c a l c u l a t e d f o r each stimulus and subject.
measure o f t h e average d i f f e r e n c e i n degrees between t h e a c t u a l l o c a t i o n o f t h e stimulus and t h e s u b j e c t ' s perceived l o c a t i o n o f t h e stimulus. The MDE was d e f i n e d as t h e a r i t h m e t i c measure o f t h e average d i f f e r e n c e , r i g h t o r l e f t , between t h e a c t u a l l o c a t i o n o f t h e s t i m u l u s and t h e s u b j e c t ' s perceived l o c a t i o n o f t h e stimulus. The MDE i n d i c a t e s t h e d i r e c t i o n a l b i a s o f t h e l i s t e n e r by averaging t h e r i g h t and l e f t d i r e c t i o n e r r o r s f o r 72 s t i m u l i . averaged w i t h a -3" e r r o r r e s u l t s i n a MDE o f +2' ( t o t h e r i g h t ) . t h e time from stimulus onset t o t h e s u b j e c t ' s response i n d i c a t i n g t h e perceived l o c a t i o n o f t h e stimulus.
The MME was d e f i n e d as t h e absolute For example, a t 7 " e r r o r The MRT was d e f i n e d as The MME's of t h e s u b j e c t ' s were 6.0'
(SD=1.3) f o r t h e n a t u r a l ( c o n t r o l ) c o n d i t i o n and 4.8" (SD=1.6) f o r t h e DIRAD c o n d i t i o n . I n d i v i d u a l s u b j e c t means ranged from 2.3 t o
13.0 degrees. The MME i n s e c t o r 1 (330-29") was 4.26", s i g n i f i c a n t l y lower (P=.D2) than t h e o t h e r f i v e sectors (range 5.68 -7.21") i n the n a t u r a l
c o n d i t i o n . The 4 KHz s t i m u l u s i n t h i s s e c t o r was e s p e c i a l l y d i f f i c u l t f o r subjects t o l o c a l i z e due t o a l a c k o f d i r e c t i o n a l cues i n t h a t frequency range. Humans l o c a l i z e sounds i n t h e 4 KHz octave band w i t h fewer d i r e c t i o n a l cues than a t o t h e r frequencies. e f f e c t i v e f o r l o c a l i z a t i o n by t h e human
hearing system. e f f e c t i v e i n l o c a l i z i n g sounds above 8 KHz. The MME as a f u n c t i o n o f c o n d i t i o n and stimulus i s shown i n f i g u r e 4. The c a l c u l a t e d MDE's o f t h e subjects were s u b j e c t means ranged from -12.1 t o +10.2 degrees. These data show t h a t t h e s u b j e c t s responded more p r e c i s e l y w i t h t h e DIRAD (1") than w i t h n a t u r a l cues (1.3") . O v e r a l l , t h e subjects responded t o t h e r i g h t s i d e of t h e source l o c a t i o n s l i g h t l y more than t h e l e f t side. MDE as a f u n c t i o n o f c o n d i t i o n and stimulus i s shown i n f i g u r e 5 . 
seconds more t i m e w i t h t h e DIRAD t o acquire t h e d i r e c t i o n o f t h e s t i m u l u s . The l o n g e r response t i m e observed w i t h t h e DIRAD may have been due t o t h e head
t r a c k e r ' s r e l a t i v e l y slow 54 Hz update r a t e , because l a b o r a t o r y measurements have shown t h a t humans can move t h e i r heads a t a much g r e a t e r r a t e (more than 200 degrees p e r second). and s t i m u l u s i s shown i n f i g u r e 6.
The m u l t i p l e comparison t e s t s (Tukey and
B o n f e r r o n i ) o f t h e sectors f o r mean response t i m e i n d i c a t e no s i g n i f i c a n t d i f f e r e n c e s (MSD = .25 and .26, r e s p e c t i v e l y ) between t h e MRT's o f s e c t o r s 3 (90-149") and 5 (210-269") and between sectors 2 (30-89") and 6 (270-329"). 
A l l o t h e r p a i r w i s e comparisons f o r s e c t o r showed s i g n i f i c a n t d i f f e r e n c e s w i t h t h e h i g h e s t MRT f o r s e c t o r

DISCUSSION
The d a t a show t h a t humans perform e q u a l l y w e l l w i t h t h e synthesized cues as w i t h t h e n a t u r a l cues. Accuracy w i t h b o t h cues averages 5 t o 6 degrees. There i s no average t r e n d t o perform more t o t h e r i g h t o r l e f t o f t h e source l o c a t i o n . from an average o f 4 t o 5 seconds f o r t h e t a s k i n t h i s study. T h i s s t u d y demonstrates t h a t synthesized d i r e c t i o n a l cues can be a u t h e n t i c a l l y presented over headphones t o l i s t e n e r s . S c i e n t i s t s have t r i e d unsuccessfully f o r over 100 years t o present synthesized d i r e c t i o n a l Reaction times range cues over headphones. Now t h a t t h e f e a s i b i l i t y o f simulated a u d i t o r y l o c a l i z a t i o n has been demonstrated, much i n t e r e s t i s generated i n t h e p o s s i b l e a p p l i c a t i o n s o f t h i s technology. S y n t h e t i c cues can be used t o provide l o c a l i z a t i o n perception i n environs where t h e y do n o t occur n a t u r a l l y . dimensional creatures and a r e sometimes f o r c e d t o operate w i t h one o r two dimensional i n f o r m a t i o n . The a d d i t i o n o f t h r e e dimensional sound i n some areas c o u l d enhance operator awareness and t a s k performance. S y n t h e t i c l o c a l i z a t i o n cues c o u l d d r a m a t i c a l l y increase t h e e f f e c t i v e n e s s o f systems i n a i r c r a f t such as t h e r a d a r warning r e c e i v e r s . By p r o v i d i n g d i r e c t i o n a l audio cues o f a m i s s i l e ' s l o c a t i o n r e l a t i v e t o t h e a i r c r a f t , t h e p i l o t would i n t e r p r e t t h e i n f o r m a t i o n as he would i n a n a t u r a l environment. Experimental data needs t o be c o l l e c t e d t o measure human performance w i t h t h e present system and w i t h t h e i n t e g r a t i o n o f a DIRAD. a p p l i c a t i o n s i n t h e p r e s e g t a t i o n o f m u l t i p l e near f i e l d sources a t a C post. U n l i k e monaural audio s i g n a l s , d i r e c t i o n a l audio s i g n a l s a r e s p a t i a l l y separated and can be discerned among a gsoup o f s i g n a l s . c o u l d enhance t h e C o f messages among m u l t i p l e simultaneous sources. In t h e l o c a l i z a t i o n performance experiments, most o f t h e subjects perceived t h e a u d i t o r y stimulus from t h e DIRAD t o have good s p a t i a l q u a l i t i e s . However, t h e sound source l o c a t i o n appeared t o be elevated w h i l e i n f r o n t o f t h e l i s t e n e r f o r b o t h t h e n a t u r a l and synthesized cues. v a r i e d among l i s t e n e r s . T h i s psycho-acoustic phenomena may be due t o a l a c k o f v i s u a l cues accompanying t h e a u d i t o r y source d u r i n g t h e p e r i o d t h a t t h e s t i m u l u s was i n t h e l i s t e n e r ' s f i e l d of view.
The degree o f e l e v a t i o n A simple experiment c o u l d be done t o t e s t t h i s hypothesis. I n t h i s experiment, a v i s u a l cue would be coupled t o t h e a u d i t o r y s t i m u l u s ' position on the horizon. instructed t o turn and face the source location w i t h t h e i r eyes open. If the subjects perceived the stimulus t o remain on the horizon, then the hypothesis would be correct. If the source s t i l l appeared t o elevate in f r o n t , then other hypotheses would have t o be formulated and tested.
The subject would be PLANS The present breadboard version will be fabricated onto a PC board before f l i g h t simulator t e s t i n g i s i n i t i a t e d . Simulator t e s t i n g will provide data on the f e a s i b i l i t y of incorporating a DIRAD w i t h radar warning receivers.
The AAMRL/BBA i s continuing research and development of directional audio technology f o r military applications. The addition of elevation information on the synthesizer board ANECHOIC CHAME3ER i s nearly complete. measure moving head and fixed head auditory localization performance in elevation, dynamic tracking and multiple source localization.
SUMMARY Experiments are planned t o
The performance experiments demonstrated the a b i l i t y of humans t o localize sounds over headphones. Overall mean magnitude e r r o r s of 6.0 degrees were measured i n the control condition and 4.8 degrees w i t h the DIRAD. Mean response times of 3.5 seconds i n the control condition and 4 . 3 with the DIRAD were measured. The performance experiments showed t h a t the DIRAD could consistently point humans t o well within 20" of azimuth using auditory localization cues over headphones. The DIRAD performance indicates the application of directional audio information t o cockpit radar warning receivers may be feasible. 
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